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This paper is a brief review of the detailed mechanism of action of thiamine enzymes, based on metal complexes of bivalent
transitionandpost-transitionmetalsofmodelcompounds,thiaminederivatives,synthesizedandcharacterizedwithspectroscopic
techniquesandX-raycrystalstructuredeterminations.ItisproposedthattheenzymaticreactionisinitiatedwithaVconformation
of thiamine pyrophosphate, imposed by the enzymic environment. Thiamine pyrophosphate is linked with the proteinic substrate
through its pyrophosphate oxygens. In the course of the reaction, the formation of the “active aldehyde” intermediate imposes the
S conformation to thiamine, while a bivalent metal ion may be linked through the N1’ site of the molecule, at this stage. Finally,
the immobilization of thiamine and derivatives on silica has a dramatic eﬀect on the decarboxylation of pyruvic acid, reducing the
time of its conversion to acetaldehyde from 330 minutes for the homogeneous system to less than 5 minutes in the heterogenous
system.
Copyright © 2007 A. Stamatis et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
1. INTRODUCTION
Thiamine pyrophosphate (TPP) is the cofactor of many en-
zymes, including carboxylase, transketolase, phosphoketo-
lase, and so forth (see Scheme 1)[ 1]. It catalyzes the decar-
boxylation of α-ketoacids and the formation of α-ketols.
Thiamine pyrophosphate can undertake three confor-
mations, depending on the relative orientations of the two
rings of pyrimidine and thiazolium, determined by the tor-
sional angles ΦT = C(5 )−C(3,5 )−N(3)−C(2), ΦP =
N(3)−C(3,5 )−C(5 )−C(4 ). These conformations are the
common F, found in all derivatives of free thiamine, with
ΦT = 0◦ and ΦP =± 90; the S conformation, constantly
found in all 2-substituted derivatives of thiamine, with ΦT =
±100◦ and ΦP =± 150◦, and the most rare V conformation
with ΦT =± 90◦ and ΦP =± 90◦, where the C
 
4−NH2 group
approaches the C2−H of thiazolium [2].
Bivalent metals are also required for the action of thi-
amine enzymes (e.g., Mg2+,C a 2+ in vivo) or transition or
post-transition metals (e.g., Ni2+,C o 2+,Z n 2+,C d 2+,e t c . ,i n
vitro).
The accepted mechanism of action of thiamine in its en-
zymeswasproposedbyBreslow[3]andinvolvestheaddition
of pyruvic acid to the C2 atom of thiazolium, following its
deprotonation and the ylide formation (see Scheme 2).
Intermediate (A) is called an “active aldehyde” and it
presents an O−−S+ electrostatic interaction, contributing to
the internal neutralization of the charge of thiazolium. Such
“active aldehyde” intermediates can be isolated [1].
Despite the general acceptance of Breslow mechanism,
there remain the following questions unanswered in it:
(1) the role of bivalent metal ions, both in vivo (Mg2+)o r
in vitro (Mg2+,C o 2+,Z n 2+,N i 2+,C d 2+,e t c . ) ;
(2) the role of various parts and the conformation taken
by TPP during the various enzymic steps.
We have attempted to provide answers to these questions
andproposedadetailedmechanismofactionbystudyingthe
interactions of bivalent metals, with thiamine model com-
pounds, in recent years [1, 4]. We have subsequently tried
to immobilize thiamine and derivatives into silica and look
upon the catalytic properties of the composite materials pro-
duced.
Inthis paper,wearebrieﬂyreviewingalltheseeﬀortsand
conclusions drawn and proposing future applications.2 Bioinorganic Chemistry and Applications
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2. INTERACTION OF THIAMINE WITH BIVALENT
METAL IONS
To investigate the role of bivalent metals in the enzymatic
action of thiamine, it is important to elucidate the way the
metals are bound to thiamine derivatives, such as coordina-
tion sites. Towards this goal, early research was directed in
thepreparationandelucidationofstructuresofbivalentmet-
als with thiamine and derivatives. However, all these failed
to give an answer to this question, due to the net positive
charge on thiazolium ring and the easy protonation of N
 
1
atom of pyrimidine (pKa ∼ = 5) resulting in double chargedA. Stamatis et al. 3
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species.Thus,severaldoublesalt-typecomplexesofthiamine
were reported in literature [1]o ff o r m u l a e[ M X 4]2−[Th]2+,
[MX4]2−[Th]2
+,o r[ M X 3]2
−[Th]2+, depending on pH. (M
is Co2+,N i 2+,Z n 2+,e t c . ;Xi sC l −,B r −; Th is thiamine). All
these contained no direct metal-ligand bonding. An example
is the Hg2+ complex [5]o ft h ef o r m u l ai nScheme 3.
The earlier reported Pt2+ and Pd2+ thiamine derivatives
(Scheme 4), however, were for the ﬁrst time proposed to
have a zwitterionic structure, with the metals bound at the
N
 
1 site of pyrimidine [6]. This demonstrated the impor-
tance of this position as potential coordination site of metal
ions. It indicated also that the net positive charge on N3 of
thiazoliumwastherealreasonforthediﬃcultytoformcom-
plexes with direct metal-ligand bonds. The proposed struc-
tures were later conﬁrmed by X-ray crystal structure deter-
minations for these and other bivalent metals [1].
In the “active aldehyde” intermediates of thiamine catal-
ysis (Scheme 2), the net positive charge on N3 of thiazolium
is partially internally neutralized, due to the S+−O− elec-
trostatic interaction, resulting by a partial positive charge
migration to the S1 position of the ring. We therefore
thought that if “active aldehyde” derivatives of thiamine
were used, instead of thiamine itself, the problem of com-
plex formation with direct metal-ligand bonds might be
overcome. This was proven to be true, using the “active
aldehydes” 2-(α-hydroxybenzyl)thiamine (HBT) and 2-(α-
hydroxycyclohexylmethyl)thiamine (HCMT) and the metals
Zn2+,C d 2+,H g 2+,C o 2+,a n dN i 2+ [7, 8]. Working at pH ∼
5.3, all complexes obtained corresponded to the zwitterionic
formulae MLCl3 and presented an M-N
 
1 direct interaction
[7, 8]. Important was also the fact that all ligands either free
or complexed were adopting the S conformation, and that
the internal S+−O− interaction continued to be the same in
the complexes, like the ligands.
These ﬁndings led to the following conclusions:
(1) the easy formation of complexes with direct metal-
ligand bonds of bivalent metals with thiamine “active alde-
hyde”derivatives,thanthiamineitself,stronglyindicatesthat
the metal interaction in the enzymatic action should follow
the formation of the “active aldehyde” intermediates.
(2) The S conformation may be important in the enzy-
matic cycle, since it is retained after the formation of the
direct metal-ligand bonds.4 Bioinorganic Chemistry and Applications
3. INTERACTION OF THIAMINE MONO- AND
PYROPHOSPHATE “ACTIVE ALDEHYDE”
DERIVATIVES WITH BIVALENT METAL IONS
Since the phosphate esters of thiamine are the factors for
its enzymatic action, a better conclusion on the role of
metal ions cannot be drawn without a detailed study of the
interaction of bivalent metals with thiamine phosphate es-
ters. With this aim we continued our eﬀorts starting with
the interaction of “active aldehyde” derivatives of thiamine
monophosphate (HBTMP) with bivalent metal ions, fol-
lowedby“activealdehyde”derivativesofthiaminepyrophos-
phate (HBTPP and HETPP).
Depending on pH, three types of complexes were ob-
tained from the interaction of HBTMP with Zn2+,C d 2+,a n d
Hg2+ in aqueous solutions. There exist at pH ∼ 1 the dou-
ble salts of formula [MCl4]2−[LH]2
2+ (L is HBTMP; and M
are the named metals), at pH ∼ 3.5 the M(LH)Cl3 of a
zwitterionic formula, with the metals bonded through the
phosphate moiety, and at pH ∼ 6 complexes of formula
MLCl2 [9], with the metals simultaneously bonded through
N
 
1 and pyrophosphate oxygens [9].Hg2+ produced the com-
plex HgL2Cl2,a tp H∼ 6 with the metal bound at the N
 
1 site
of the pyrimidine moiety only. The crystal structure of the
freeligandandtheHgL2Cl2 complexshowedanSconforma-
tion for the ligand [9]. 1HN M RR O E S Ys p e c t r ac o n ﬁ r m e d
the existence of the S conformation for the free ligand in so-
lution, in all cases, demonstrated by a cross peak between the
C4−CH3 group of thiazolium and the C
 
6−H of pyrimidine
[10].
Using HETPP and HBTPP as ligands (L), we also
prepared complexes of formulae {K[Zn(LH)Cl2(H2O)]}m,
{K[Cd(LH)Cl2(H2O)]}m,K 2[Hg(LH)2Cl2], and Zn(LH)2-
Cl2. Both sites of pyrimidine and pyrophosphate oxygens are
once more shown to be potential coordination sites [10, 11].
The X-ray crystal structure determination of the ligand has
againshowntheSconformationforit[10].Thesameconfor -
mation was adopted by the ligand in all isolated complexes,
as the 1HN M RR O E S Ys p e c t r ar e v e a l e d[ 10, 11].
These studies led to the following conclusions:
(1) both the N
 
1 site and the phosphate group of thiamine
phosphates may be important metal binding sites;
(2) the importance of the S conformation in the mecha-
nism of the enzymatic action of thiamine is empha-
sized;
(3) the nature of the metal is important in determin-
ing the coordination site. For example, in contrast to
the lighter Zn2+,C d 2+ metals, the heavier Hg2+ reacts
only with N
 
1 site of thiamine monophosphate, even at
pH ∼ 6.
4. THE CONFORMATION THAT THIAMINE MAY
UNDERTAKE DURING THE ENZYMATIC ACTION
Using the model peptide Asp· Asp·Asn·Lys·Ileu mimick-
ing the protein environment, surrounding the pyrophos-
phate moiety of TPP, we studied the ternary system [M2+]-
Table 1: Benzoyl-formate decarboxylation catalyzed by thiamine
catalysts. (1) Reaction conditions: all reactions were carried out at
37◦C in MeOH (1mL) with benzoyl formate (200μmol), thiamine
catalyst (20μmol), and NaOH (40μmol). (2) Reaction conditions:
all reactions were carried out at 37◦C in MeOH (1mL) with ben-
zoyl formate (200μmol), benzaldehyde (400μmol), thiamine cata-
lyst(20μmol),andNaOH(40 μmol).Inbothcases,bromobenzene
was used as an internal standard.
Catalyst Reaction
time(min) Conversion (%)
TPP (homogeneous system) 330 82(1)
HBTPP (homogeneous system) 215 90(1)
HETPP (homogeneous system) 330 85(1)
[Th−OP2O6−SiO3/2]n ·xSiO2 <5 100(1)
[HBT−OP2O6−SiO3/2]n ·xSiO2 <5 100(1)
[HET−OP2O6−SiO3/2]n ·xSiO2 <5 100(1)
TPP (homogeneous system) 330 67(2)
HBTPP (homogeneous system) 250 74(2)
HETPP (homogeneous system) 330 72(2)
[Th−OP2O6−SiO3/2]n ·xSiO2 <5 100(2)
[HBT−OP2O6−SiO3/2]n ·xSiO2 <5 100(2)
[HET−OP2O6−SiO3/2]n ·xSiO2 <5 100(2)
[peptide]-[HETPP] of Zn2+,C d 2+,a n dC u 2+ [12, 13]. The
pyrophosphate oxygen atoms and the N
 
1 site of pyrimidine
wereoncemoreproventobethemetalcoordinationsitesand
thiamine once more was found in the S conformation.
It should be noted here that the base approaching the
C2−H atom of thiazole was earlier proposed to be the 4 -
NH2 group of pyrimidine, thereby forming the ylide, by at-
tracting its proton and initiating the reaction [14]. Such a
role of the 4 -NH2 g r o u pr e q u i r e saVc o n f o r m a t i o nf o r
thiamine, found only rarely in its free derivatives. How-
ever, this conformation was constantly found in the crys-
tal structure of several thiamine examples, obviously im-
posed and stabilized by the enzymic environment [15, 16].
Metals like Mg2+ and Ca2+ were linking thiamine pyrophos-
phatewiththeapoenzymethroughthepyrophosphategroup
[15, 16].
These results showed that both the V and S conforma-
tions are important and possibly succeed each other in the
mechanism of action of thiamine enzymes [4, 17], as shown
in Scheme 5. The V conformation initiates the reaction by
attracting a proton from C2 and creating an ylide, and the
S conformation is adopted after the formation of the “active
aldehyde” intermediates, when a metal may also coordinate
with N
 
1, besides the pyrophosphate group. The S conforma-
tion favors an S+−O(2a)− electrostatic interaction, which fa-
cilitates the release of a proton and aldehyde and regenerates
the ylide.A. Stamatis et al. 5
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5. BIOMIMETIC CATALYSIS
The tethering of thiamine pyrophosphate and its derivatives
on silica viathe pyrophosphate group is expected to produce
novelcompositebiomimeticmaterials,wheresilicawouldre-
place the protein environment of the natural enzyme. These
materials would also be expected to catalyze thiamine reac-
tions in vitro.
In fact, TPP and its derivatives were immobilized on sil-
ica, [18, 19] according to the reaction in Scheme 6.
In the same way, the “active aldehyde” intermediates
HBTPP and HETPP were also immobilized on silica
and their catalytic properties were evaluated and com-
pared with the ones of TPP itself. The materials obtained
corresponded to formulae [HBTPP−OP2O6−SiO3/2]n·
xSiO2, [HET−OP2O6−SiO3/2]xSiO2,a n d[ T h −OP2O6
−SiO3/2]n ·xH2O. Their catalytic activities were subse-
quently evaluated in the absence of the corresponding
aldehydes (1), (3) or in the presence of them (2), (4), as
shown below:
2CH3COCOO
− thiamin
− −−−→
catalyst
2CO2
+H 3CCOCH(OH)CH3, (acetoine)
(1)
CH3COCOO
− +C H 3CHO
thiamin
− −−−→
catalyst
CO2
+H 3CCOCH(OH)CH3, (acetoine)
(2)
2C6H5COCOO− thiamin
− −−−→
catalyst
2CO2
+C 6H5COCH(OH)C6H5, (benzoin)
(3)
C6H5COCOO− +C 6H5CHO
thiamin
− −−−→
catalyst
CO2
+C 6H5COCH(OH)C6H5. (benzoin).
(4)
Theresultsonbenzoyl-formatedecarboxylationaresum-
marizedinTable 1 andcomparedwiththehomogeneoussys-
tems.6 Bioinorganic Chemistry and Applications
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It is thus obvious that the immobilized thiamine py-
rophosphate derivatives are far more eﬃcient catalysts than
the corresponding homogeneous systems, reducing the
reaction time from 330 minutes of the homogeneous system
to less than 5 minutes only, for 100% yield in both reactions
(1), (3)a n d( 2), (4). Detailed mechanisms of action have
been proposed for both reactions as shown in Scheme 7.
Theseveryeﬀectiveandpromisingheterogeneousbiocat-
alystsmaybeevaluatedinfuturestudiesfortheenantioselec-
tive production of optically active 2-hydroxy-ketones.
REFERENCES
[1] M. Louloudi and N. Hadjiliadis, “Structural aspects of thi-
amine, its derivatives and their metal complexes in relation
to the enzymatic action of thiamine enzymes,” Coordination
Chemistry Reviews, vol. 135-136, pp. 429–468, 1994.
[2] J.PletcherandM.Sax,“Crystalandmolecularstructureofthi-
amine pyrophosphare hydrochloride,” J o u r n a lo ft h eA m e r i c a n
Chemical Society, vol. 94, no. 11, pp. 3998–4005, 1972.
[3] R.Breslow,“Themechanismofthiamineaction,”Chemistry&
Industry, p. 28, 1956.
[4] G. Malandrinos, M. Louloudi, and N. Hadjiliadis, “Thi-
amine models and perspectives on the mechanism of action
of thiamine-dependent enzymes,” Chemical Society Reviews,
vol. 35, no. 8, pp. 684–692, 2006.
[5] N. Hadjiliadis, A. Yannopoulos, and R. Bau, “Complexes of
mercury(II) with thiamine,” Inorganica Chimica Acta, vol. 69,
pp. 109–115, 1983.
[6] N. Hadjiliadis, J. Markopoulos, O. Pneumatikakis, D. Katakis,
and T. Theophanides, “Interaction of thiamine and its phos-
phate esters with Pt(II) and Pd(II),” Inorganica Chimica Acta,
vol. 25, pp. 21–31, 1977.
[7] M. Louloudi, N. Hadjiliadis, J.-A. Feng, S. Sukumar,
and R. Bau, “Interaction of Zn
2+,C d
2+,a n dH g
2+
with 2-(α-hydroxybenzyl)thiamin and 2-(α-hydroxy-α-
cyclohexylmethyl)thiamin. Crystal structure of the complex
Hg(2-(α-hydroxybenzyl)thiamin)Cl3 · H2O,” Journal of the
American Chemical Society, vol. 112, no. 20, pp. 7233–7238,
1990.
[8] M. Louloudi, N. Hadjiliadis, J. P. Lussac, and R. Bau, “Tran-
sition and group IIB metal complexes with “active aldehyde”
derivativesofthiamine,”Metal-BasedDrugs,vol.1,no .2-3,pp .
221–231, 1994.
[9] K. Dodi, I. P. Gerothanassis, N. Hadjiliadis, et al., “Complexes
of Zn
2+,C d
2+,a n dH g
2+ with 2-(α-Hydroxybenzyl)thiamineA. Stamatis et al. 7
monophosphate chloride,” Inorganic Chemistry, vol. 35,
no. 22, pp. 6513–6519, 1996.
[10] G. Malandrinos, M. Louloudi, C. A. Mitsopoulou, I. S.
Butler, R. Bau, and N. Hadjiliadis, “On the mechanism
of action of thiamin enzymes, crystal structure of 2- (α-
hydroxyethyl)thiamin pyrophosphate (HETPP). Complexes
of HETPP with zinc(II) and cadmium(II),” Journal of Biologi-
cal Inorganic Chemistry, vol. 3, no. 5, pp. 437–448, 1998.
[11] G. Malandrinos, M. Louloudi, A. I. Koukkou, I. Sovago,
C. Drainas, and N. Hadjiliadis, “Zinc(II) and cadmium(II)
metal complexes of thiamine pyrophosphate and 2-(α-
hydroxyethyl)thiamine pyrophosphate: models for activation
of pyruvate decarboxylase,” Journal of Biological Inorganic
Chemistry, vol. 5, no. 2, pp. 218–226, 2000.
[12] G. Malandrinos, M. Louloudi, Y. Deligiannakis, and N.
Hadjiliadis, “Two-dimensional hyperﬁne sublevel correla-
tion spectroscopy applied in the study of a Cu
2+-[2-(α-
hydroxyethyl)thiamin pyrophosphate]-[pentapeptide] system
asamodelofthiamin-dependentenzymes,”JournalofPhysical
Chemistry B, vol. 105, no. 30, pp. 7323–7333, 2001.
[13] G. Malandrinos, M. Louloudi, Y. Deligiannakis, and N. Had-
jiliadis, “Complexation of Cu
2+ by HETPP and the pentapep-
tide Asp-Asp-Asn-Lys-Ile: a structural model of the active site
of thiamin-dependent enzymes in solution,” Inorganic Chem-
istry, vol. 40, no. 18, pp. 4588–4596, 2001.
[14] A. Schellenberger, “The amino group and steric factors in thi-
amin catalysis,” Annals of the New York Academy of Sciences,
vol. 378, no. 1, pp. 51–62, 1982.
[15] Y. Lindqvist, G. Schneider, U. Ermler, and M. Sundstr¨ om,
“Three-dimensional structure of transketolase, a thiamine
diphosphate dependent enzyme, at 2.5 A resolution,” The
EMBO Journal, vol. 11, no. 7, pp. 2373–2379, 1992.
[16] Y. A. Muller and G. E. Schulz, “Structure of the thiamine- and
ﬂavin-dependent enzyme pyruvate oxidase,” Science, vol. 259,
no. 5097, pp. 965–967, 1993.
[17] G. Malandrinos, M. Louloudi, and N. Hadjiliadis, “Ternary
systems of Zn
2+ and Cd
2+,2 - ( α-hydroxyethyl)thiamin py-
rophosphate (HETPP) and the pentapeptide Asp-Asp-Asn-
Lys-Ile.: implications for the mechanism of thiamin enzymes,”
Inorganica Chimica Acta, vol. 349, pp. 279–283, 2003.
[18] Ch. Vartzouma, M. Louloudi, I. S. Butler, and N. Hadjil-
iadis, “Practical tethering of vitamin B1 on a silica surface via
its phosphate group and evaluation of its activity,” Chemical
Communications, no. 5, pp. 522–523, 2002.
[19] A. Stamatis, G. Malandrinos, I. S. Butler, N. Hadjiliadis, and
M. Louloudi, “Intermediates of thiamine catalysis immobi-
lized on silica surface as active biocatalysts for α-ketoacid de-
carboxylation,” to appear in Journal of Molecular Catalysis A:
Chemical.